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Thermoelectric materials are capable of converting a temperature gradient 
into electricity (thermoelectric power generation) and vice versa (Peltier 
cooling). The thermoelectric power generation has been used for decades in 
spacecraft, where radioactive decay provides the heat source. Additional 
applications under consideration are based on the utilization of waste heat, for 
example in automotives or the manufacturing industries . Commercial ther
moelectric materials are normally based on Bi2Te3 , PbTe, or possibly in the 
future on the so-called filled skutterudites, such as YhxCo4 Sb12 . The downside 
of these materials is that some of their major constituent elements are toxic, 
namely tellurium, lead, and antimony, and in part rare and expensive (yt
terbium, tellurium). Mg2Si on the other hand is composed of abundant, 
environmentally benign elements, and thus offers a huge advantage for 
commercial applications. Here, we provide a review of Mg2Si-based materials 
for thermoelectric energy conversion, discussing how competitive these 
materials have become in comparison to the above-mentioned more traditional 
materials. 
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INTRODUCTION 

Thermoelectric Energy Conversion 

Thermoelectric (TE) materials can convert a 
temperature gradient into electricity, utilizing 
the Seebeck effect, or use electricity to generate 
a temperature gradient, known as Peltier cooling. 
Peltier cooling is employed in portable coolers and 
laptops, as well as possibly for temperature control 
in car seats. 1 More than half of the energy 
generated by mankind is lost as waste heat, but 
TE materials may tap into this waste heat, 
otherwise lost, and convert it in part into useful 
energy. For several decades, space missions from 
Voyager to Curiosity have used the Seebeck 
effect2

•
3 and nowadays thermoelectric generators 

are being tested on Earth for waste heat recovery 
in stationary applications as well as automo
tives. 4•

5 The relatively low conversion efficiency, 
as well as the price and toxicity of these materials, 
still mitigate against a wider use of this 
technology. 6• 

7 

TE materials are classified based on their figure
of-merit, defined as z T = Ta2

CJK -
1

, with a being the 
Seebeck coefficient, CJ the electrical conductivity, ,c 

the thermal conductivity, and T the average tem
perature. Thermoelectric devices are composed of 
n- and p-doped semiconducting legs, which are 
connected electrically in series and thermally in 
parallel. The figure-of-merit of such a device, ZT, is 
a function of the z T values of the constituent 
materials involved. The average ZT over the applied 
temperature range goes directly into the formula 
Eq. 1 for the conversion efficiency 17: 
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(1) 

There TH denotes the hot temperature and Tc the 
cold temperature. Larger ZT values thus lead to 
larger conversion efficiency . Advanced thermo
electrics are semiconductors,8 •

9 so that the energy 
gap can prevent the co-existence of p- and n-type 
ca rriers. To obtain the best compromise of having 
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both a high Seebeck coefficient rx and a high 
electrical conductivity u, these semiconductors are 
typically doped to a charge carrier concentration of 
the order of 1019 to 1020 cm - 3. 1° Furthermore, most 
of the advanced thermoelectrics are comprised of 
heavy elements, which provide a lower phonon 
contribution to the thermal conductivity, in turn 
reducing the total thermal conductivity. The latter 
consists of two parts, namely the lattice, KL, and the 
electronic thermal conductivity, K e , arising from the 
charge carriers, according to K = KL + K e. Highly 
complex structures may also provide an advantage 
in reducing thermal conductivity, but this may also 
cause a lowered electrical conductivity through 
lowering the mobility of the charge carriers. 11 

Advanced Thermoelectric Materials 

Traditionally, variants ofBi~Te3, a semiconductor 
with a narrow gap ofO.16 eV.1 have been employed 
for applications at temperatures below 500 K. The 
crystal structure of Bi2Te3 is a layered defect 
variant of the NaCl type, which in turn is adopted 
by PbTe, a well-known high-temperature thermo
electric material with a gap of 0.32 eV.13 Alloying 
with Sb afforded a maximum zT = 1.0 at 300 K for 
p-type Bi2Te3, and nanostructuring led to a perfor
mance increase as evidenced in zT = 1.4 at 300 K. 14 

Nanowires can exhibit even better performance15·16 

for example in case of Bi2Te3 with zT values > 2 at 
300 K.17 Bulk n-type Bi2Te3 may also exhibit zT 
values in excess of unity, e.g. zT = 1.2 at 423 K. 18 

Modifications of PbTe may exceed these zT values, 
for example in the p-type Tlo.02Pbo_9sTe with 
zT = 1.5 at 773 K, 19 in Nao.02Pbo_9sSeo.1sTeo.ss with 
zT = 1.8 at 850 K20 in SALT materials (sodium
antimony-lead-tellurium), e.g. Na0_95Pb20SbTe22 
with zT = 1.7 at 650 K,21 and in the LASTT 
materials (lead-antimony-silver-tellurium-tin) Ag 
(Pb1_ySny)mSbTem+2 with nanodomains, achievinffi 
a high zT = 1.5 at the lower temperature of 627 K. 2 

On the n-type side, the LAST materials (lead
antimony-silver-tellurium), e.~. AgPb18SbTe20, 

stand out with zT = 2.1 at 800 K. 3 Finally, ap-type 
composite of PbTe doped with 2% Na and embedded 
4% of SrTe was reported to achieve zT = 2.2 at 
915 K. 24 

More complex materials exhibiting comparable 
performance, in part because of their low thermal 
conductivity, are skutterudites and clathrates, 
including the n-type triple-filled skutterudite 
Bao.osLao.os Ybo.04 Co4Sb12 with zT = 1. 7 at 850 K25 

and the n-type clathrate Ba8Ni0 _a 1Zno.s2 
Ga 1a.06Gea2.2 with zT = 1.2 at 1000 K26 and the best 
Si-based clathrate Ba8Ga16 i30 with zT = 0.87 at 
873 K. 27 Zintl materials28 often adopt even more 
complex structures with lower thermal conductiv
ity, with examples such as the p-types 
Nio.06MoaSbs_4Te1.6 with zT = 0.93 at 1050 K,29 

Sr3Ga1-xZnxSb3 with zT = 0.97 at 1000 K,30 

Lao 4Yb1a 6MnSb11 with zT = 1.15 at 1150 K,31 
. . ~ 

Yb14Mno.~o.6Sb11 with zT = 1.32 at 1275 K and 
/J-Zn4Sba with zT = 1.3 at 670 K. 33 

Among the materials with low lattice thermal 
conductivity of K L < 1 W m- 1 K- 1

, thallium tel
lurides stand out with values often below 
0.5 W m - 1 K- 1.34 This has led to several Tl tel
lurides exhibiting zT values above unity (at inter
mediate temperatures) as welk including values of 
1.1 for Tl9Bi0_98Te6 at 500 K,3 1.2 for T1Ag9Te5 at 
700 K,36 1.2 for zone-refined Tl9BiTe6 at 500 K37 

and finally 1.3 for Tlgs°5Sn1.95Te6 and 1.5 for 
Tls.10Pb1.90Te6 at 680 K. 

Most of the materials discussed above are anti
monides and tellurides, and therefore toxicity is a 
major concern. On top of that, several metals occur 
in these materials that are of comparable or even 
higher toxicity, most notably thallium and lead. 
Affordability is another important issue for com
mercial applications of these materials, as some of 
these elements are rare and/or expensive, namely 
tellurium, ytterbium and silver. While cations from 
Tl to Bi and anions from Sb to Te are natural choices 
to form heavy materials exhibiting low thermal 
conductivity, the performance ofMg2Si-based mate
rials demonstrates that lighter elements may also 
be employed as advanced thermoelectrics.39 Details 
of their thermoelectric properties are presented in 
the current review in comparison with established 
state-of-the-art materials. 

RESULTS AND DISCUSSION 

Synthesis of Mg2Si-Based Materials 

The synthesis of Mg2Si is challenging for a 
number of reasons, namely the high affinity of 
magnesium for oxygen, the high vapor pressure of 
Mg, the high melting temperature of silicon at 
1687 K, and the almost identical melting point of 
Mg2Si at 1358 K and boiling point of Mg at 1363 K. 
As a consequence many Mg2Si samples exhibit 
MgO impurities.40 Therefore, several different 
methods in addition to classical ceramic methods 
have been devised, including the vertical Bridgman 
method using molten Mg2Si,41 crystal growth from 
molten Mg2Si1_xGex,42 B20 3 flux method,43 micro
wave assisted fast synthesis after ball-milling,44 

vacuum plasma spray,45 a solid-state metathesis 
reaction of NaSi, MgC12 and Na,46 and liquid 
encapsulated vertical gradient freezing using a 
KCVMgC12 eutectic mixture as encapsulant.47 

Recently, an "ultrafast self-propagating high-tem
perature synthesis" was developed in which a 
cylinder of Mg Si and Sb reacted after ignition 
within seconds in air to yield Sb-doped Mg2Si.48 The 
same authors also prepared other thermoelectrics 
via this method. 49 In several of these methods, an 
excess of magnesium was used to compensate for its 
vapor loss . 
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Crystal Structure and Semiconducting 
Properties of Mg2Si 

Mg2Si crystallizes in the antifluorite type
5 

also 
adopted by Mg2C, Mg2Ge, Mg2Sn, and Mg2Pb. 0 The 
Si atoms form a face-centered cubic lattice, in which 
all tetrahedral holes are filled by Mg atoms (Fig. 1). 
Additional Mg atoms may also occupy some of the 
octahedral holes,51 which changes the electron count 
and thus the charge carrier concentration.52 Mg2C is 
a high-pressure phase53 and Mg2Pb a semimetal, 50·54 

while Mg2Si, Mg2Ge, and Mg2Sn are semiconductors 
with experimentally determined band gaps of 0. 77 , 
0.74 and 0 .36 eV, respectively, i.e. decreasing gaps 
from the silicide to the stannide. 55 

With such a band gap, the intrinsic carrier 
concentration of Mg2Si is very low, resulting in a 
low electrical conductivity of undoped Mg2Si of on~ 
u = 3 n- 1 cm- 1 around room temperature (RT). 6 

Because of the light constituent elements and the 
small high symmetry unit cell, the lattice thermal 
conductivity is of the order of 1< = 10 W m- 1 K- 1 at 
RT, which needs to be decreased, in addition to 
increasing the charge carrier concentration, before 
Mg2Si can be considered for the thermoelectric 
energy conversion. 

Thermoelectric Properties of Bulk 
Mg2Si-Based Materials 

Substituting Si in part with Ge or Sn atoms aids in 
reducing the thermal conductivity, because of the 
enhanced mass fluctuation combined with an overall 
increased molar mass. 57 For example, using 30% Ge · 
on the Si site, we obtained less than 3 W m- 1 K- 1 at 
RT58 compared to about 10 W m- 1 K- 156 forMg2Si.A 
problem with using tin stems from the reported 
miscibility gap, in contrast to the complete solid 
solution ofMg2Si1_xGex. Depending on the synthesis 
method, 59 the miscibility gal) may occur between 40% 
and 60% Sn on the Si site. 60 This problem may be 
overcome by optimizing the synthesis conditions, e.g. 
by using a B20 3 flux (preparing Sb-doped 
Mg2Si0_5Sn05).43 In 2015, a low thermal conductivity 
of K = 1.9 W m - l K- 1 at 300 K was reported for a 

Fig. 1. Crystal structure of Mg2Si . Small circles Mg; large circles Si. 
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sample of nominal composition Mg2Si0_5Sno 5 pre
pared from Mg2Si and Mg2Sn, but this sample 
inadvertently contained MgO nanoparticles as well 
as traces of unreacted Si and Sn that may have 
contributed to this low value.61 With values between 
2 and 3 W m - 1 K- 1 at RT, the lattice thermal con
ductivity begins to be competitive with other ther
moelectrics such as PbTe, while still being higher 
than that ofBi2Te3, the filled skutterudites or various 
clathrates. 

The most widely used n-type doping elements h ere 
are antimony and bismuth, shown to substitute for 
the Si atoms. 62 These elements belong to group 15 of 
the periodic table, and thus contribute one extra 
electron for each replaced Si atom from group 14. 
Because of the larger size of the Sb and Bi atoms, 
compared to Si, the amount of Sb and Bi is limited to 
less than 3% on the Si site.63 This amount may be 
increased in case of the alloyed samples Mg2Si1_xGex 
and Mg2Si1_xSnx, likely because of their unit cell 
expansions stemming from the larger sizes of Ge and 
Sn in comparison to Si atoms. 64 Each percent of Sb or 
Bi corresponds to an expected increase in the carrier 
concentration of 1.6 x 1020 cm- 3, but most often 
smaller increases were found, possibly because of 
the formation of Mg3Sb2 or Mg3Bi2 in the grain 
boundaries. For example, we found n = 3.5 x 1019 

electrons per cm3 and 9.5 x 1019 electrons per cm3 for 
the hot-pressed materials of nominal composition 
Mg2Sio_9sSbo.02 and M82Sio_9sBio.02, respectively, 
instead of the 3.1 x 102 cm 3 calculated based on 
the formulae .62 Similarly, Zhang et al. 65 reported 
n = 8.6 x 1019 electrons per cm3 for 
Mg:rSi0_4Sno.6Bio 02 and n = 2.9 x 1020 electrons per 
cm for Mg2Sio.4Sno.6Bio.03, prepared by melt-spin
ning and consolidated by spark-plasma-sintering 
(MS-SPS). Depending on the synthesis technique, 
the density and doping level, electrical conductivity 
values of Sb- and Bi-doped samples typicall:?' range 
from u = 400 n- 1 cm- 1 58 to 2000 n- 1 cm- in the 
case of Mg2_16(Si0.4Sn0_6)g_97Bii_o3 with a carrier con
centration of 2.4 x 102 cm- at RT,66 and then 
decrease with increasing temperature. 

The thermal and electrical conductivity of selected 
high performance Sb- and Bi-doped Mg2Si-based 
bulk materials are compared in Fig. 2a and b, 
respectively, all of them exhibiting zT max values in 
excess of unity. Three of these samples were synthe
sized via solid state reactions, followed by spark
plasma-sintering, namely Mf2.20Sio_49Sno_5Sbo.01,67 

Mg2_ 16(Sio.4Sno.6)0_9s5Sbo.0JG5, 6 and Mg2_16(Sio_4Sno 6) 
0_97Bi0_03 pressed via SPS. In addition, an Sb-doped 
Mg2Sio.5Sno.5 material with a high porosity of 37%, 
consolidated via pressureless SPS,69 and 
Mg2Sio4 Sno 6Bio.o3, prepared via melt-spinni~~, fol
lowed by spark-plasma-sintering (MS-SPS) are 
shown in Fig. 2. The melt-spinning method resulted 
in the formation ofnanoscale precipitates with sizes 
of 10-20 nm, while Mg2_16(Sio.4Sno.6)0 935Sbo 015 con
tained a Sn-rich phase with particle sizes of 20-
30 nm, deduced to stem from that composition being 
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Fig. 2. (a) Thermal conductivity and (b) electrical conductivity of various high-performance materials. 

close to the above-mentioned miscibility gap. These 
naturally occurring nanostructures are known to 
reduce the lattice thermal conductivity in these 
materials since at least 2008,t as demonstrated for 
the series Mg2Sio.4- xSno.6Sbx. 0 

The two samples prepared via MS-SPS (labeled 
MS in Fig. 2) and pressureless SPS (labeled Porous) 
exhibit significantly lower thermal and electrical 
conductivity below 600 K. An upturn is observed in 
the thermal conductivity in both of these samples 
beginning between 500 K and 600 K, likely caused 
by the bipolar effect. The other three samples, 
synthesized by solid-state reactions and consoli
dated by SPS, now show a clear bipolar effect until 
700 K; at least until then, both the thermal and the 
electrical conductivity decrease steadily with 
increasing temperature. Around RT, K ranges from 
2.56 W m- 1 K- 1 to 2.77 W m- 1 K- 1 for the re~lar 
solid-state samples, compared to 1.53 W m - K- 1 

for the porous sample, and possibly less (extrapo
lated) for the MS sample. Similarly, the electrical 
conductivity of the solid state samples varies from 
u = 1470 n- 1 cm - 1 to 2040 n- 1 cm- 1, compared to 
715 n- 1 cm- 1 for the porous sample around RT. The 
high est conductivity occurs in the sample with the 
high est dopant concentration of the three, namely 
3% Bi versus 1 % and 1.5% Sb on the Si/Sn site. 
Utilizing the Wiedemann-Franz law, K e = L (JT with 
L representing the Lorenz number, one can esti
mate the electronic contribution to the thermal 
conductivity , and then derive the lattice part via 
KL = K - "e· The three solid-state materials exhibit 
very comparable laLtice thermal conductivity, 
namelt from KL= 1.65 W m - 1 K - 1 to 1.92 
Wm- K- 1 at RT, while the porous samfle is 
significantly below that, with KL = 1.16 Wm- K- 1

. 

These values compare nicely with Bi2Te3 . 

As illustrated in Fig. 3a for the same (n-type) 
materials sh own in Fig. 2, the Seebeck coefficient a 
t ypically increases linearly with increasing temper
ature. Notable exceptions are the porous material 

and the one prepared via melt-spinning, whose 
Seebeck coefficient peaks around 600 K; the authors 
relate this to the beginning of the bipolar effect at 
600 K . a may cover a large range, again depending 
on the doping level, and of course the temperature. 
The three solid-state samples exhibit very similar 
values and temperature dependence of the Seebeck 
coefficient, ranging from - 120 µV K- 1 to - 132 µV 
K- 1 at RT and from - 217 1-N K- 1 to - 230 µV K- 1 

around 800 K. Other exam~les include Mg2Sio 98 
Bi0_02 with a = - 94 1-N K- 62 and Mg2Siosn 
Geo_3Bio.023 with - 100 1-N K- 1 at RT.58 It is not a 
coincidence that the Sn-containing samples often 
exhibit higher Seebeck values despite their larger 
carrier concentration (and electrical conductivity). 
This is caused by a convergence of the two lowest 
lying conduction bands, resulting in an increased 
valley degeneracy and thus an enhanced Seebeck 
coefficient, calculated to occur around 65% Sn on the 
Si site.68 In addition, the porous Sb-doped 
Mg2Si0_5Sn0 5 exhibits a further enhanced Seebeck 
coefficient with a = - 154 pV K- 1 at RT, which was 
attributed to the band structure being modified by 
its unique microstructure. 69 

Therefore, the Sn-containing samples are the 
ones with the highest power factor, P.F. = a2

(J . 

Because 'Y. increases with increasing temperature, 
and P.F. is proportional to c1.2, P.F. continues to 
increase with increasing temperature despite the 
parallel decrease of u. In the case of Mg2_1s 
(Si0.4Sno s)o 97Bi~ 03, the power factor chan¥es from 
30 1-1W cm- 1 K- at 300 K to 42 pW cm - K- 2 at 
800 K. These numbers are highly competitive, as 
evident from a comparison with established ther
moelectrics. The above-mentioned filled skutteru
dites Ba0_08La00.,,,Ybo 04Co4Sb12 (zT m ax = 1.7) exhibits 
a maximum power factor of 52 pW cm - l K- 2 25 and 
the clath rate BaaNio.:n Zno.s2Ga13_osGe32.2 (zT max= 

1.2) a maximum P.F. = 15 11W cm- 1 K- 2.26 Simi
larly, Tl-doped PbTe with zT 0 ~ax = 1.5 has a maxi
mum P.F. = 19 11W cm- 1 K- 2.1 
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Fig. 3. (a) Seebeck coefficient and (b) figure-of-merit of various high-performance materials. 

The figure-of-merit values zT, depicted in Fig. 3b, 
are too low for applications at ambient tempera
tures all being below 0.4 around RT. On the other 
hand: the steady increase of zT until 600-800 K or 
beyond, lead to competitive performance at_ those 
temperatures, with several examples surpassmg zT 
of unity. The first examples with z T max = _1.4. at 
800 K were published in this decade, begmm1;1-g 
with Mg2_16(Si04Sn0_6)0_97Bi0_03 as shown_ . m 
Fig. 3b 66 and also including the Ge-contammg 
Mg2Si0 ,53Sn04Ge0_05Bio.02, 71 Thus far, the highest 
value ;T = 1.63 at 615 K, was achieved by the 
porou's Sb~oped Mg2Sio.5Sno s conso!tdated via 
pressureless SPS, also shown in Fig. 3b. ~o"'.ev~r, 
a problem with its porosity of 37% may he i~ its 
applicability, i.e. the formation of a robust device. 

No comparable p -type Mg2Si materials have been 
identified to date. The best examples exhibit figure
of-merit values between 0.3 and 0.7, including 
Mg2_10(Si0 3Sno_7)0_95Gaoos with ~T max= 0.35 at 
650 K,72 M9~Si0_6Ge04:Ga(0.8%) with zT m a:x = 0._36 
at 625 K , and Mg1.36Lio_14Sio 3Sno.7 with 
zT = 0.5 at 750 K where Li atoms were substi-

m a:x ' 74 L' tuted onto the Mg site. Most recently, Mg1.86 10.14 
Si0_4Sn0 6 was prepared via melt-spinnin~ a1:-d 
spark-plasma-sintering within 1 h , resultmg m 
zT m ax = 0.58 at 760 K, 75 and Mg2Lio.02sSi~.4S1;10.6 
was synthesized under a layer of B2O3, yieldmg 
zT max = 0. 7 at 675 K.76 Comparable or even better 
performance may be observed in p -type manganese 
silicides, namely in MnSi1.75 and variants thereof. 
This strongly depends on the preparation methods, 
as a comparison of the binary Mn silicides reveals 
that MnSi1.72, prepared via furnace 1¥~lting '.3-nd 
SPS exhibits zT max = 0.63 at 723 K, MnSi1.75 
(Mn: Si7), synthesized via inducti~r mel~ing and 
SPS shows zTmax = 0.62 at 800 K, MnSi1.84, pre
par:d via ball-milling andJulse discharge sintering, 
a zT max = 0.83 at 818 K, and MnSi1.35, obtain~~ 
via ball-milling and SPS, a zT m ax = 0.67 at 873 K. 

Thermoelectric P roperties o f Bulk 
Mg2Si-Based Nanocomposites 

Forming nanocomposites is a proven strategy to 
further enhance thermoelectric materials. Ideally, 
this occurs with a reduction of the thermal conduc
tivity by enhanced scattering of mid- to long-wave
length phonons, a less affected electr_ical 
conductivity and an increased Seebeck coefficient 

. 81-83 8 . via energy filtering of the charge carn_ers._ . mce 
2012 composites of Bi-doped Mg2S1 with smgle
wall~d carbon nanohorns (SWCNH)84 and with Si 
nanoparticles,85 Bi-doped Mg2(Si,Gil with multi
walled carbon nanotubes (MWCNT), and As- and 
Sb-co-doped Mg2(Si,Sn) with TiO/ 7 hav~ been 
investigated. While adding these n_a:r_ioparticles to 
Mg2Si reduced the thermal conductivity: e.g._ ~own 
to 6 W m - i K- i at RT in the case of the 81 addit10ns, 
these reductions cannot match the above-discussed 
Mg2(Si,Ge) and Mg2(Si,Sn) solid soluti~ns. . 

The nanocomposites of the solid solut10ns with_ Ge 
and Sn may be more relevant, as their bulk materials 
perform better than binary Mg2Si. Furthermore, 
their thermal conductivity is already reduced, so a 
further reduction via nanostructuring may be more 
intriguing if successful. The addition of 5 vol. % 
insulating Ti 0 2 to Mg2(Sio_392Sno 6)0_992sf\so.008 
Sb0_0075 led to both lower thermal and -~lec!rcal 
conductivity namely from K = 3.85 W m K to 

' 1 1 A - 1 - 1 
K = 3.02 Wm- K- , and from a= 1815 ~t cm 
to a = 1550 n - i cm- 1, respectively, at RT. On the 
other hand, adding MWCNT to Mg2Sio.8nGeo.1Bio.923 
lowered only the thermal conductiviV (more so wit? 
increasing MWCNT concentration),8 not the ~lectn
cal conductivity (Fig. 4 ). This correlates well with ~he 
measured charge carrier concentration (at RT), which 

20 - 3 1 3 1020 - 3 decreased from 1.8 x 10 cm to . x cm 
after adding 5 vol. % TiO2, but varied only insignifi
cantly after addin:f 0.5 wt. % MWCNT, namely from 
to 7.1 x 1019 cm- to 7.6 x 1019 cm- 3. 
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Fig. 4. (a) Thermal conductivity and (b) electrical conductivity of selected nanocomposites. 

(a) 

.... 
'::,i:: 

~ 
-50 

Cl 

~ -1 00 
<ll ·u 
== ~ -150 
0 
~ 
0 

.2l -200 
<ll 
<ll 

Cl) 

L 

{ Mg2(510.,025 "0.slo.0020A•o.ooa5 bo_oo15 

A Mg2(5 10.J02 5 " o.s>o.9925A5o.oo,5 bo.0075ITI02 

-0- Mg2Slo_,11G•o_, Bio.023 

• Mg2Si0_877Ge 0_1Bi0_023/CNT 

-250 ....__._~~_.___._....___.__..._ ....... _....__.____..__ .... 
300 400 500 600 700 800 

Temperature, T(K) 

.... 
~ 0.9 -·c: 
<ll 

I;: 
0 0.6 

~ 
::::, 
Cl 

u::: 
0.3 

~ Mg2(5 io_39250o.s>o.9925Aso_oos5 bo.001s 

A Mg,(51o.3925 " o.s>o.992sA•o.ooa5 bo.00101Ti0 2 A 
0 Mg251o.an G•o., 8 10.02, A 
--- Mg2Sio.anG•a.1Blo.02>1CNT 

0.0 ....__.___._....____.__.._ ....... _...._.....____._....____.__. 
300 400 500 600 700 800 

Temperature , T(K) 

Fig. 5. (a) Seebeck coefficient and (b) figure-of-merit of selected nanocomposites. 

In both cases, the Seebeck coefficient was 
enhanced after adding the respective nanoparticles, 
in particular at the high er temperatures (Fig. 5a). 
At 800 K , a. increased from - 100 1-N K- 1 to 
- 130 pV K- 1 in the case of 5 vol.% TiO2. Similarly, 
a. increased from - 183 µV K- 1 to - 200 pV K- 1 in 
case of 0.5 wt. % MWCNT at 773 K. These numbers 
result in zTm ax enhancements from 0.9 to 1.1 and 
from 0.55 to 0.67 , respectively (Fig. 5b). 

The fact that the additions of MWCNT to 
Mg2Sios77Geo 1Bio.023 and of TiO2 to Mg2(Sio 392S
no.6)0_9925Aso.oosSbo.0015 both caused an increase in 
zT m ax by approximately 20%, demonstrates that this 
concept m ay also be applied to other solid solutions of 
Mg2Si with Mg2Ge and Mg2Sn, most interestingly to 
the materials with the best performance to date. 

CONCLUSION 

Within this review, we have demonstrated that 
several m ethods exist to render Mg2Si competitive 
with the best thermoelectrics at temperatures 

between 500 K and 800 K. Most importantly, alloy
ing with Sn and doping with Sb and Bi, both on the 
Si site, followed by spark-plasma sintering, yielded 
several different bulk materials with naturally 
occurring nanoparticles, that exhibit zT values 
between 1.0 and 1.4 around 800 K. In addition, 
pressureless spark-pl asma sintering afforded a 
porous material with enhanced Seebeck coefficient 
and reduced thermal conductivity, providing for the 
r ecord zT = l.6 at 615 K to date in this system. 
These performances are only surpassed by few 
triple-filled skutterudites and PbTe modifications 
with nanodomains or nano-additions, exhibiting 
bulk zT values between 1. 7 and 2.2 at similar 
Lempcratures as presented in the "Introduction". 

In addition , th e Mg2Si materials may further be 
enhanced via nanocomposites: first attempts yielded 
improvements of the order of 20% in the figure-of
merit, but were not performed on the best materials 
in this family. Considering all these findings occurred 
recently in the current decade, further improvements 
can be anticipated. This is particularly exciting 
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because of the sustainability of these materials in 
contrast to the toxic antimonides and tellurides. 
Therefore, variants of environmentally benign Mg2Si 
may become the next generation materials. 
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